Desirable features of new generation intensive care ventilators include the ability to ventilate a wide range of patient sizes, an uncomplicated control panel, an appropriate but not excessive variety of ventilatory patterns, adequate patient monitoring and alarm functions, and simplicity of cleaning and routine maintenance. Examples of currently available ventilators include the Servo 900-C, CPU-I, Engstrom Erica, Bear 5, Drager EV-A and Hamilton Veolar. The incorporation of microcomputer control into some of these ventilators has resulted in improved flexibility and a limited number of automatic responses to detected patient changes. However, the function of components provided to allow spontaneous ventilation, such as demand valves, requires considerable improvement. Current trends in ventilator design include further refinement of computer control and the provision of graphic displays showing the results of continuous sophisticated analysis of respiratory function. The extent to which these developments will prove clinically useful will require careful evaluation.
positive end-expiratory pressure (PEEP) and a nebuliser. The number and variety of makes and models has since flourished, one hundred and one being described in a recent text,3 but the extent to which performance in the clinical setting has improved is difficult to gauge. There can be no doubt that modern ventilators carry out their basic functions better than the older models, more quietly, with greater safety, and with much more sophisticated monitoring. On the other hand, large numbers of unproven, sometimes confusing, and possibly deleterious patterns of mechanical ventilation have also evolved, often leading to a profusion of controls and options with increased potential for misuse and failure.
GENERAL AND DESIRABLE FEATURES OF MODERN INTENSIVE CARE VENTILATORS

Patient size
An ideal ventilator should be able to ventilate all sizes of patients from premature neonate to adult. Due to the limitations imposed by very small patient size, most neonatal ventilators have developed along the lines of continuous flow, T -piece occluder systems. These offer very low resistance and dead space, and flexibility in providing for weaning and spontaneous breathing, in addition to controlled ventilation. On the other hand, precise control of the respiratory pattern and measurement of respiratory volumes are difficult, and fresh gas flow. rates applicable to adults would be difficult to achieve with this type of circuit. Thus, adult ventilators have generally evolved as time-cycled, volume-limited flow generators. It is not proposed to deal further with neonatal ventilators in this paper. 2 
. The Control Panel
Simplicity and ease of use are important design considerations. While the ability to simply set tidal volume and rate would seem ideal, some machines use a combination of inspiratory time, pause time, expiratory time, and inspiratory flow rate to define the respiratory pattern. In many cases this allows greater flexibility of settings with, paradoxically, a reduction in the number of control knobs required.
Patterns of ventilation
A detailed discussion of ventilatory modes is available elsewhere in this symposium. Some or all of the following modes are available in the newest generation of electronic ventilators: 3.1 Controlled Mechanical Ventilation (CMV) All new generation ventilators are able to perform as volume-limited, timecycled generators, delivering a set tidal volume at a given rate. This function mimics early ventilators, which were designed to completely take over ventilation in apnoeic patients.
Assist/Control
In this system, the ventilator delivers a set tidal volume at its set rate and/or when an inspiratory effort cycles it into inspiration. While still popular in the U.S.A., this mode is no longer commonly used in Australia or Europe, and has been largely superseded by intermittent mandatory ventilation.
Intermittent Mandatory Ventilation (IMV)
This type of ventilation allows the patient to maintain spontaneous breathing while mechanical breaths are administered at a preset variable 'mandatory' rate. Since the introduction of IMV by Downs in 1973,4 it has come to be regarded as an essential function of all 'good' ventilators. Initially provided as an additional circuit to a standard CMV machine, IMV is built into all new generation ventilators. Claimed advantages of IMVs,6,7 include less need for muscle relaxants and sedatives, continuing exercise of respiratory muscles, less disco-ordination and lower mean intrathoracic pressure, with less barotrauma and less decrease in cardiac output. Evidence that these advantages in fact occur is scanty. When compared with CMv, IMV results in greater urine and renal plasma flow, 8 but this has not been shown in humans. 9 Using the same rate and tidal volume in patients with acute respiratory failure, Mathru et al. lo found that barotrauma, specifically pneumothorax, was less likely to occur with IMV than CMV despite high peak inspiratory pressure and PEEP. They postulated that fewer peak pressures, less coughing and less asynchronous ventilation in the IMV group may have explained the difference. On the other hand, IMV has not been shown to be better than T -tube trials for weaning, and Christopher et al. 11 showed that the negative airway pressure required to generate inspiratory flow was significantly reduced (P<O.OI) when the Bennett MA-I, Servo 900-B and Bear 1 were switched from IMV to ASSIST. The same study also compared demand valve IMV with a continuous flow T-piece circuit by measuring airway pressure with an artificial lung. The negative pressure required to initiate inspiratory flow was significantly greater for the demand systems whose internal 3.4
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manometer pressure considerably under-estimated the pressure drop. Gibney et al. 12 showed a 75!tfo increase in work of breathing when ten normal subjects breathed through the demand valves of the Bennett MA-II and Bear 1. Thus the failure of IMV to gain popularity in the U.S.A. may be due to its poor implementation on current generation ventilators, rather than any inherent advantage of the assist/control mode. Synchronised IMV (SIMV) SIMV is a method of ventilation in which the machine becomes sensitive to the patient's inspiratory efforts for a brief period, at intervals determined by the set 'mandatory' rate. If an inspiratory effort is detected during this brief period, a ventilator breath is delivered. If no effort is detected by the end of the period (known as a time 'window'), a breath is delivered in any case. Between 'windows' the patient is able to continue spontaneous breathing. SIMV is designed to avoid 'stacking' -a mandatory breath stacked on top of a spontaneous onebut otherwise IMV and SIMV have comparable cardiorespiratory effects. 13 PEEP (Positive End-Expiratory Pressure) and CPAP (Continuous Positive Airway Pressure) CMV plus PEEP is an essential combination needed to cope with low functional residual capacity (FRC) parenchymal lung disease, and is provided on all current generation ventilators without the need for separate circuitry. Alternative modes of ventilation include IMV with PEEP and spontaneous ventilation with CPAP, which theoretically produces fewer deleterious consequences of the elevated airway pressure. In addition, spontaneous ventilation with CP AP possibly has a special role during weaning. FRC and Pa02 are both significantly decreased by T-piece ventilation without CPAP, 14, 15, 16 whereas neither shows significant change when intubated patients breathing spontaneously with 5 cm H20 CP AP are compared with extubated control patients. However, Katz et al., 17 using a lung model, studied a number of ventilator CPAP systems compared with a reservoir bag with high continuous flow. While the Servo 900C and Bennett 7200 (not released in Australia) both showed only small falls in airway pressure and minor changes in work of breathing, the CPU-I, Erica and Bear 11 showed large falls in inspiratory airway pressure and large increases in additional work of breathing (Table 1, Figure 1 ). These alterations in work of breathing were similar to those found by Gibney et al. 12 in seated, unintubated patients. 
Mandatory Minute Volume (MMV)
Originally described in 1977 18 as a separate circuit with reservoir bellows, MMV is integrated in some new generation ventilators (CPU-I, Erica). Although there is no evidence to suggest that this is a better mode of ventilation, there is a clinical impression that it is useful. A minimum minute volume is set, whose deficit will be made up by the 88:519-526).
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3.8 rapid intervention if apnoea is detected. It also ignores spontaneous ventilation up to two litres per minute and has a rate alarm for tachypnoea in order to prevent the mandatory minute volume being made up of rapid, ineffectual breaths. Thus, this complex system, which in many respects represents the 'state of the art' in modern ventilator design, is intended to allow a patient to 'wean himself' from the ventilator safely and without operator intervention. The extent to which this can be achieved requires further clinical evaluation.
Pressure cycle
This mode of ventilation has been used traditionally as a safe form of infant ventilation, compensating for leaks and minimising barotrauma. The CPU-l offers this as a method of ventilating small infants and neonates, as its flow-based system for measuring tidal volume becomes inaccurate at very low tidal volumes. Pressure support This is a new weaning technique using an 'assist' system to maintain a constant airway pressure throughout inspiration, rather like the support given by squeezing a respiratory bag on a spontaneous breath. Inspiration ceases after a given time or when flow falls below 25070 of the initial inspiratory flow rate. It may allow earlier extubation compared with conventional ventilation, but the evidence for this IS scanty. 19 
Waveform/Pause
On some current generation ventilators, different patterns of inspiratory flow ('waveforms') or an end-inspiratory pause can be selected. In theory, these patterns improve gas transport by allowing alveoli with longtime constants to equilibrate. In one study,20 a decelerating waveform was shown to decrease shunt without altering haemodynamics, compared with a constant inspiratory flow pattern which generally worsens both shunt and haemodynamics during IPPV. Other studies have produced inconsistent results.
I:E Ratio
Control over I:E ratio is not always available on modern ventilators, but is a desirable feature. Inverse ratio ventilation 21 has been used as an alternative method of elevating FRC without using PEEP. Peak airway pressure is lower, thus decreasing the risk of barotrauma.
Monitoring
This is an area specifically addressed by the new generation ventilators, many of which include automatic responses to detected abnormalities, e.g. resumption of controlled ventilation if apnoea is detected during weaning. Continuous monitoring of airway pressure and expired tidal volume results in the provision of sensitive and reliable disconnect alarms. Built-in measurement of inspired oxygen concentration and expired carbon dioxide are also useful.
Maintenance and reliability
Ideally, cleaning should be simple and user access to expensive, delicate parts should be limited. In most of the newest ventilators, considerable effort has been made to meet this aim, generally by physically separating patient gas circuitry from all other components.
Other features
Some machines provide synchronisation for differential lung ventilation, but there is little evidence for superiority of synchronous over asynchronous differential lung ventilation in respiratory mechanics, gas exchange and haemodynamics. 22 ,23 Evaluation of metabolic computers is in its infancy. However, variation in inspired oxygen concentration with the Bear 1 and Engstrom 311 and 312 is so great as to render their calculations of oxygen consumption invalid. 24 
EXAMPLES OF NEW GENERATION INTENSIVE CARE VENTILATORS
The following section provides brief resume of the pneumatics and, where appropriate, the microcomputer controllers of a number of the newest generation of intensive care ventilators. Details of the modes of ventilation available, Tables 2, 3 and 4 . Servo 900_0,25,26,27 The Siemens-Elema Servo 900-C is the third generation of an all-purpose ventilator released over ten years ago. Addition of an expiratory pressure transducer has removed the need for an external PEEP valve. An improved 'stepper motor', allowing faster spontaneous respiratory rates, also improves function in the IMV modes. An upper pneumatic unit is electronically servo-controlled to produce a time cycled flow generator. Eight modes of ventilation are offered with either PEEP or NEEP. Anaesthetic options, C02 monitoring, a lung mechanics calculator and synchronisation for independent lung ventilation are available, and an add-on unit for high frequency ventilation is being developed. Pneumatic unit ( Figure 2 ) A bellows is supplied from either a low or high pressure gas source via a blender and bacterial filter. The working pressure of the bellows can be adjusted up to 120 cm H20. By achieving a working pressure 30 cm H20 above maximum airway pressure, the Servo functions as a flow generator.
Passing from the bellows via inspiratory flow and pressure transducers, inspiratory gas flow is controlled by a silicone rubber scissor valve squeezed by the arm of a stepper motor (500 steps/sec). The inspiratory valve opens when a pass via a regulator to three possible destinations: A nebuliser regulator, producing a flow of 6 litres/min which is not compensated by the ventilator during nebulisation. A PEEP venturi via a solenoid valve, to supply PEEP to the demand valve as well as the expiratory block so that the demand valve remains referenced to the set level of PEEP.
Servo 900-D
This is a simplified model designed purely for anaesthetic use, offering controlled, manual and pressure support modes.
CPU-]2, 25, 28, 29 The CPU-I is a time-cycled flow generator with a wide variety of functions provided by microprocessor control of its pneumatic unit. Pneumatic unit (Figure 3) High pressure gas enters from the blender to A low pressure regulator which supplies gas to the patient either by a demand valve or flow regulator. Fresh gas passes through a flow detector whereby inspiratory effort can be detected. Gas from the low pressure regulator enters the righthand side of the flow regulator via a solenoid valve pushing its diaphragm to the left, allowing flow past a segmented disc. An electronic potentiometer relays the position of the segment to the microprocessor which calculates and displays tidal volume assuming a square wave. Simultaneously, gas flows from the low pressure regulator to close the expiratory block.
Expiration takes place through a unidirectional valve in the autoclavable expiratory block and then a hot wire flow sensor.
Microcomputer system (Figure 4) The electronics of the CPU-I are controlled by a Z80 microprocessor. The operating program is supplied in the form of four programmable read-only memory (PROM) chips which can easily be exchanged by service personnel as updated versions of the software become available. These chips comprise either 4 kilobytes (K) or 8 K of read-only memory (ROM), depending which software version is installed. One K of random access memory (RAM) is also available for use by the microprocessor during the execution of the operating program. The processor communicates via two parallel 110 ports with a separate analogue board and the display circuitry. On the analogue board, incoming signals from the control panel and expiratory flow transducers are multiplexed and fed to a single analogue/digital converter. The analogue board also receives output from the microprocessor and generates the control signals for the various electrovalves and alarm circuits. Circuitry is also provided to allow connection of external devices, such as a respiratory mechanics module.
ENGSTROM ERICA VENTILATOR 30 ,31,32 The Erica is another pneumatically powered, electronically controlled, time-cycled flow generator. A number of add-on units are available to provide printout, synchronisation and a metabolic computer that determines oxygen uptake, CO 2 elimination, respiratory quotient and metabolic rate. Pneumatic unit ( Figure 5 )
High pressure gas passes via a regulator and blender through a filling valve to a pressure chamber which operates like a 'bag in bottle' system. Inspiration is initiated when an electrodynamic valve entrains air through an injector to empty the pressure chamber. Electronic control of valve function allows various flow patterns -constant, decelerating and accelerating. Spontaneous ventilation can occur at any time from the pressure chamber, whose volume is 1.5 litres with a filling flow of 30 litres/min, allowing a maximum inspiratory flow of 60 litres/min. If this is exceeded, a spontaneous breathing valve opens to air.
Gas passes from the pressure chamber through a unidirectional valve to aY-piece and the patient. The expiratory valve consists of a balloon connected to the pressure chamber which inflates when chamber pressure rises. The expiratory cycle starts when chamber pressure falls below airway pressure, allowing the balloon to deflate. Proximal to the unidirectional valve are pressure and flow sensors, while distal to the unidirectional valve is a second transducer for monitoring airway pressure which can be placed at the Y-piece. Expiratory gas volume is uniquely measured by filling of a further 'bag in a bottle' that is emptied during the next inspiration. Care, Vol. 14, No. 3, August, 1986 illustrate some of the very latest features of ventilator design and have therefore been included in this discussion. valve and pressure regulation system upstream. This allows an inspiratory flow of up to 170 litres/min with a rapid response time.
Bear 5
This recently released ventilator is microprocessor-driven with an integrated cathode ray tube (CRT) displaying monitored and alarm values, lung mechanics and a graphic representation of the respiratory waveform.
Gas passes from the accumulator via a variable orifice flow control valve past a flow conditioner (to decrease sonic noise) before reaching an internal ultrasonic flow transducer. This acts as the sensor for servo control of gas flow through the valve.
The exhale valve assembly contains a diaphragm which is pressurised by a stepper motor-controlled flow control valve and an exhale flow sensor.
Pneumatic unit
High pressure oxygen and air via a Servobalanced blender to a 3.6 litre accumulator in which a pressure of up to 125.5 kPa (18.2 psi) is achieved. During a flow demand gas is initially taken from this store, thereby increasing the instantaneous demand placed on the blending Two proximal airway pressure transducers provide signals for ASSIST, PEEP/CPAP, compliance compensation and respiratory mechanics. Expired tidal volume, respiratory rate, expired minute volume, airway pressure (peak, mean, proximal) Expired minute volume (upper and lower limit), expired tidal volume (lower limit), spontaneous respiratory rate (upper and lower limits), mains failure, air and oxygen supply failure, airway pressure (upper and lower limits, PEEP, peak, mean)
Compliance compensation, lung mechanics calculator built in
Microcomputer system
This ventilator contains two separate microcomputers. The main processing unit comprises a Motorola 68000 16-bit microprocessor, together with the operating program, which is stored in PROM, and RAM, which is accessible as a work area during program execution. A smaller 8-bit system, based on a Motorola 6805 chip, controls the 110 and display functions of the control panel. A pneumatic interface receives data from pressure, flow and temperature sensors, communicates with the main processor and controls the various stepper motors and control valves. An external interface communicates with the control panel subsystem and controls the CRT display, an RS-232 printer interface, and several other connections for external devices. 
Drager EV-A 34
Available information is limited. This is a microprocessor-controlled unit with an integrated cathode ray tube displaying measured and alarm variables and a graphic representation of waveform. An electromechanical driving unit controls a variable orifice valve. This provides a timecycled, volume-limited, flow generator.
Measurement of expired C02 allows calculation of C02 production and dead space/tidal volume ratio. attached to the tank which is set to relief at 400 cm H20 (40 kPa).
The reservoir delivers the mixed gas to the patient through a servo-controlled flow valve. This is an electrodynamic valve controlled by the Control Processor (see below) via the Analogue Valve Controller. The Control Processor determines the correct current to send to the electrodynamic valve according to control settings. The Analogue Valve Controller calculates the actual gas flow through the valve and then readjusts the current to the valve to precisely deliver the desired flow. This electronic servo-control loop system is very quick, versatile and precise, being able to deliver flows between 20 to 3000 ml per second Pneumatic unit ( Figure 6) Compressed medical air and oxygen supplied to the ventilator pass through separate pressure regulators before entering a cylindrical gas mixer. The mixed gas output enters a gas reservoir tank through a regulating valve which holds the working pressure of the reservoir at 350 cm H20 (35 kPa). At that pressure, the aluminium reservoir holds almost 8 litres of gas, making the Veolar largely independent of fresh gas flow rate. There is a safety valve at any pressure (up to 110 cm H20 (11 kPa». In the spontaneous breathing modes, the valve acts as a demand valve. The rapid servo loop circuit time (about 0.1 second) and the extremely small internal dead space enable almost immediate flow changes in response to patient breaths -i.e. the system allows satisfactory spontaneous ventilation. An ambient air inlet valve is provided to allow the patient to breathe room air should the gas supply fail or the ventilator malfunction. The inflating pressure is set electronically at any value between 10 to 70 cm H 2 0 (0.1 to 7.0 kPa), and may be increased by a deliberate action of the control knob to a maximum of 110 cm H20 (11 kPa). If the preset inflating pressure limit is reached during any part of the ventilatory cycle, the servo flow valve will immediately stop all flows and the expiratory valve will open to reduce the airway pressure to ambient (or PEEP/CPAP) pressure. A back-up mechanical patient overpressure valve will open 10 cm H20 (1.0 kPa) above the preset pressure limit to reduce the pressure to less than 25% of the preset limit.
Expiration occurs through an expiratory valve which is a large surface silicone membrane within a plastic housing. Occlusion during inspiration and PEEP /CPAP are achieved by closing the valve electronically by an electrodynamic motor.
Microcomputer system
The electronic system of the Veolar is divided into two systems, each controlled by an Intel 8031 microprocessor. The two microcomputers perform their functions simultaneously, and, as well, continuously check each other for irrational operation.
The Frontpanel Processor manages the control settings, displays and alarms. A bidirectional flowsensor (which uses the principle of measuring differential pressure across a variable orifice) at the patient end of the inspiratory circuit, provides volume, flow and timing information to the Frontpanel Processor. There is a battery backup for the alarms in the event of a power failure.
The Control Processor controls the inspiratory and expiratory valves via the Analogue Valve Control. It controls all flows and pressures, and calculates gas volumes, all pressure values (peak, plateau, mean, and PEEP/CPAP) and determines several alarms.
CONCLUSIONS
The most recent generation of intensive care ventilators demonstrates significant advances in design. The greatest improvements are in the areas of patient safety and reliability, with the development of sophisticated monitoring of clinically relevant respiratory variables and, in some cases, automatic 'backup' patterns of ventilation which supervene when apnoea or inadequate ventilation are detected. Microcomputer controlled 'automatic weaning' by "MMV is an interesting development which awaits more detailed clinical evaluation.
A number of inadequacies are still apparent in the majority of the new machines. The most obvious of these is the poor performance of demand valves and related devices provided to allow spontaneous ventilation with or without CP AP. This area is fundamental and requires urgent attention from the manufacturers and design engineers.
The development of a large number of unproven patterns of mechanical ventilation has led to a 'me too' design approach, resulting in a profusion of controls and greatly increased overall complexity. This is confusing to the user, and possibly dangerous. The gulf between paediatric/neonatal and adult ventilators appears to be widening, which is unfortunate, but possibly unavoidable.
Several general design trends are apparent, and will become more so as future generations of ventilators evolve. These include the provision of cathode ray tube displays showing currently set variables and alarm limits, sophisticated analysis of lung mechanics and various respiratory waveforms. The extent to which all this is useful remains to be seen. There is also a strong trend towards micorcomputer control, and a trend away from relatively simple pneumatic regulators and valves to more complex electronically controlled devices -'electrodynamic valves', 'electrovalves' and servo-controlled flow regulators.
All of this has important implications for the training and certification of intensivists. Should we now begin to grapple with the problems of electronics and computing, or has the time arrived for us to accept the ventilator as a Anaesthesia and Intensive Care, Vol. 14, No. 3, August, 1986 'black box' and concentrate instead on how well it performs its physiologic task, which is so much more relevant to the management of our patients?
